Introduction {#s0005}
============

The capacity to switch from one rule to another in order to accomplish internal or external goals is an important executive function at the basis of cognitive flexibility. This capacity has been experimentally investigated through the task-switching paradigm (e.g., [@b0190]). Performance on this paradigm involves two partially dissociable control processes: transient (or local) control and sustained (or global) control ([@b0060]). These processes are captured by two different behavioral effects: (a) switch costs, that is, performance difference between trials in which the rule changes and trials in which it is repeated in mixed task blocks; and (b) mixing costs, that is, performance difference between repetition conditions during mixed-task blocks and single task conditions in pure blocks, respectively.

Neuroimaging studies have characterized distributed networks of fronto-parietal and striatal regions during task-switching ([@b0095], [@b0055], [@b0035], [@b0135]). The key domain- and rule-independent task-switching-related cognitive control processes have been mainly located in fronto-parietal networks of the left hemisphere ([@b0150], [@b0135], [@b0245]; cf. [@b0085], for an alternative view based on adaptation mechanisms).

However, additional right lateral prefrontal recruitment has been observed for task-switching paradigms with non-verbal (i.e., spatial) rules (e.g., [@b0245]), compatibly with what happens in other high-level cognitive domains such as inductive reasoning (e.g., [@b0030]). Moreover, previous neuroimaging evidence ([@b0060]) showed that right anterior prefrontal regions were activated in mixed (vs. single-task) blocks, which require the capacity to maintain and manage task-rules over-time (also see [@b0015] for converging resting-state electroencephalographic evidence).

Thus, given the distributed nature of the brain circuits involved in task switching ([@b0095], [@b0145], [@b0135]), white matter (WM) connectivity studies with Diffusion Tensor Imaging (DTI) are especially important to fully characterize the neural underpinning of these functions.

DTI provides an *in vivo* estimate of WM microstructure by measuring the degree and orientation of preferential diffusion of water molecules in neural tissue ([@b0040], [@b0045], [@b0155]). Several scalar indices are extracted from this model to summarize this information at the voxel level ([@b0010]). Fractional anisotropy (FA) is the most commonly used value, that describes the fraction of the tensor related to anisotropic water diffusion, while radial diffusivity (RD) describes the degree of water dispersion in the plane perpendicular to the main diffusivity direction. Higher FA and lower RD values are related to increased WM integrity and fiber organization ([@b0185], [@b0175]).

A previous multimodal neuroimaging study ([@b0110]) using a number-letter task-switching paradigm already tested the relationship between WM integrity in twelve pre-selected Regions Of Interest (ROIs) and global switching costs (i.e., RT difference between mixed vs. single task conditions) in twenty younger and twenty older adults. In general, global mixing costs were negatively correlated with FA bilaterally in the superior longitudinal fasciculus and pericallosal frontal regions, suggesting that the integrity of WM tracts connecting prefrontal regions or fronto-parietal regions is associated with better task-switching (i.e., lower global switching costs). However, when considering the younger participants alone, only the WM-behavior correlation with the left superior longitudinal fasciculus survived.

Another recent DTI study on 10--16-year-old adolescents ([@b0215]) found a positive correlation between FA in superior corona radiata and precentral gyrus and global task-switching performance, regardless of age, whereas an association between FA in the anterior corona radiata and task-switching was present only in interaction with age.

An important aim of the present study was to investigate whether the integrity of some WM tracts is associated to task-switching performance based on, or independently of, the specific nature of the task-switching rules employed. Therefore, as a novel contribution to the still scant literature on the association between DTI and task-switching performance in young adults (see [@b0110], [@b0215], [@b0240], for developmentally oriented studies), rather than focusing on a single task-switching paradigm, we operationalized the task-switching construct with three different paradigms performed by the same individuals, with different degrees of verbal and non-verbal demands, and correlated the performance measures of task-switching efficiency on all these paradigms with WM integrity measures, both separately and by means of conjunction analyses across the paradigms which showed significant associations. The goal of a cross-paradigm replication is not only motivated by the theoretical question regarding the existence of common brain mechanisms underlying cognitive flexibility, but should also be seen as a methodological attempt to better characterize structural brain-behavior correlations, a field in which it is hard to replicate results even within the same experimental paradigms ([@b0050]).

Preliminary analyses of our data did not show any reliable relationship between WM integrity and phasic task-switching costs (RT difference between switch and repeat trials). This might be due to the fact that similar neural and cognitive mechanisms might be implicated in both switch ad repeat trials, although at a different level, especially with equal probability of occurrence of the two trial types ([@b0060], [@b0075], [@b0210]). Similar null results between switch cost measures and DTI have been reported in a study with children aged 7--16 years ([@b0240]). Therefore, we will report our results on mixing costs, classically calculated as the performance difference between repeat trials and single-task trials, excluding switch trials (cf., [@b0110], [@b0215]). Mixing costs are believed to indicate the active and sustained maintenance and coordination of multiple task rules, functions that have been dissociated from the phasic processing differences involved in switch vs. repeat conditions behaviorally ([@b0200]), neurophysiologically ([@b0265], [@b0015]) and with functional magnetic resonance imaging (fMRI) ([@b0060], [@b0260]). Finally, we adopted a whole-brain approach to characterize the role of all main WM fibers, while avoiding any a priori choice of ROIs that could possibly bias the results by leaving some of the main tracts unexplored.

Our main original expectations included a role of (i) the (left) superior longitudinal fasciculus in general task-switching performance, as previously reported in the DTI study by [@b0110], and as expected from the general involvement of left fronto-parietal regions in fMRI studies on task-switching (e.g., [@b0150], [@b0245]), and (ii) peri-callosal cross-hemispheric anterior fiber tracts connecting homologous prefrontal regions in supporting better task-switching performance, in terms of mixing costs ([@b0060]), especially when obtained in tasks with embedded non-verbal components ([@b0245]).

Experimental procedures {#s0010}
=======================

Participants {#s0015}
------------

Thirty-eight university students voluntarily took part in the experiment. We used a sample size that was nearly double with respect to that of healthy young adults tested in previous DTI work on task switching ([@b0110]), as an attempt to increase statistical power, especially considering that this population shows low inter-subject variability in WM structure.

All participants gave their written informed consent prior to recruitment. They were reimbursed 25 euros for their time. All had normal or corrected-to-normal visual acuity, reported having normal color vision and no history of any neurologic/psychiatric disease. The study was approved by the Bioethical Committee of the Azienda Ospedaliera di Padova. Three participants were excluded from the analyses because of incomplete data or poor data quality. The final number of included participants was 35. All of them were right-handed (which was an inclusion criterion), as assessed with the Edinburgh Handedness Inventory ([@b0170]). The average score at this test was 84.1, with a range of 45--100, over a possible total range between −100 and 100 (where negative values indicate left-handedness). There were 26 females and 9 males and their mean age was 22.5 years (range: 21--29 years).

General procedure {#s0020}
-----------------

For each participant, testing took place in three separate sessions in different days (see next paragraph) with the following administration order: (1) the verbal and spatial task-switching paradigms; (2) the shape-color task-switching paradigm; (3) the MRI session including DTI data acquisition. The order of administration of the three sessions was fixed for all participants to minimize any error due to participant by order interaction ([@b0165]); however, during the first session, the verbal and spatial task-switching paradigms were administered in randomized order. In the second session, participants performed additional behavioral tasks investigating different executive functions, whose results will be reported elsewhere.

Behavioral tasks and procedure {#s0025}
------------------------------

The behavioral session was performed outside the MRI scanner before neuroimaging data acquisition (always within less than 3 months, range: 1--11 weeks, mostly depending on MRI time-slot availability). In each of the three task-switching paradigms, participants were requested to perform two different subtasks in which they categorized the stimuli according to different task-relevant characteristics. We shall briefly describe the paradigms below.

### Shape-color paradigm {#s0030}

Stimuli were hearts or stars (either red or blue) presented on a white background. On each trial participants were asked to respond to either the color or the shape of the stimulus. The task rule to be applied on each trial was indicated by a visual cue located above the stimulus. To limit the use of verbal information, symbolic cues were used three colored rectangles (purple, orange and yellow) arranged horizontally for the color rule, and three black shapes (triangle, circle and square) arranged horizontally for the shape rule. Participants were required to make a choice response to each trial by pressing either the left or right arrow buttons of a keyboard with their right index or ring finger, respectively to respond to either the color or the shape of the stimulus. The four possible response-to-button mappings were counterbalanced across participants. Trials began with a fixation cross presented for 1500 ms followed by cue presentation. After a cue-to-target interval of 100 ms, the stimulus was presented in the center of the screen below the cue. Participant's response ended the trial. Incorrect responses were followed by a 100-ms beep. Participants completed five blocks of trials which formed a sandwich design. Blocks 1, 2, 4, and 5 were single-task blocks in which only one task (color or shape) was presented for the entire block, being the specific assignment counterbalanced across participants. The single-task blocks each consisted of 6 practice trials and 24 experimental trials. Block 3 was a mixed-task block with half of the trials requiring a color judgment and the other half a shape judgment. This block included 10 practice trials followed by 192 experimental trials with a short pause after 96 trials. The number of repeat and switch trials was equal.

### Spatial and verbal task-switching paradigms {#s0035}

These were modified versions of the ones reported in a recent fMRI study ([@b0245]). Stimuli were composed by 18 proper nouns, divided into 9 proper female nouns and 9 proper male nouns, and 18 common nouns, divided into 9 common female nouns and 9 common male nouns. All words were created by adding a 3-D effect and a 3-D rotation to manipulate their spatial configuration. Specifically, each word could assume either a clockwise or an anti-clockwise rotation (i.e., roll) and an upward or a downward rotation (i.e., pitch). Each word could be filled with one of four colors: red, blue, green or brown. The red and blue colors were associated with the task-switching condition (see below for further details), whereas the green and brown colors were used for the single-task condition. Only in the former case, the colors signaled the task to be performed. In the latter case, the colors also changed from trial to trial in order to keep the perceptual characteristics of the stimuli similar across conditions, but participants were instructed to ignore them.

In the verbal single-task session, there were two types of subtasks that participants performed separately. The gender-type subtask required pressing the "F" key on the computer keyboard with the index finger of the left hand if the word was a female noun and the "K" key with the index finger of the right hand if the word referred to a male noun. In the name-type subtask, participants had to press the "F" key for a proper name and the "K" key for a common name. The assignment of categories to response keys was counterbalanced across participants. In the verbal task-switching condition, the color of the word instructed participants about the specific subtask they had to perform on any given trial. The blue color was associated with the name-type subtask in which participants had to decide whether the word referred to a proper name or to a common name. The red color instead signaled the gender-type subtask in which the decision regarded the female/male status of the word. The response keys were the same as those used for the verbal single-task conditions. As reported above, the word colors also changed randomly between brown and green in the single-task condition but in that case they had no rules meaning for the task.

The spatial-task session was similar to the verbal one and was implemented on exactly the same word stimuli. The spatial single-subtasks comprised a roll-type subtask in which participants had to classify the words according to their roll rotation (i.e., clockwise or anti-clockwise) and a pitch-type subtask in which they had to respond to the pitch rotation (i.e., upward or downward). In the task-switching condition, when the color was blue the task was to decide whether the word was rotated clockwise or anti-clockwise, whereas when the color was red the task was to decide whether the word was rotated upward or downward.

Half of the participants started with the verbal-task session, whereas the other half started with the spatial-task one. Each session comprised 2 single-task blocks and 4 task-switching blocks made by 32 trials each. Repeat and switch trials were presented in a pseudo-random order to guarantee roughly the same number of trials per block. Before the first and the third task-switching blocks were presented, participants performed a single-subtask according to the following order: single-task 1, task-switching 1, single-task 2, task-switching 2, 3 and 4. The first task-switching block was also preceded by 5 warm-up trials that allowed participants to refresh the corresponding stimulus--response mapping.

A trial started with the presentation of a 400 ms gray blank screen, which contained a gray frame lighter than the background color. After that time elapsed, the word stimulus, which was embedded into the frame, was displayed for 2000 ms. Participants had to categorize the word according to the specific task instructions of each condition as outlined below. Following the period of 2000 ms, the next trial began after a 1400-ms inter-trial blank interval. Before the real test, participants practiced both verbal and spatial tasks. Each practice block comprised 10 trials. Participants received a feedback message (the Italian word for "wrong" displayed in red or the Italian word for "Well done" in blue) after response on each trial for a duration of 1500 ms. In order to allow participants to fully process either the verbal or the spatial features of the words, in the practice session only stimulus presentation lasted until a button-press response was detected.

MRI acquisition {#s0040}
---------------

MRI data were collected on a 3T Ingenia Philips whole-body MRI scanner, using a 32-channel head array coil, at the Neuroradiology Unit, Azienda Ospedaliera di Padova. Apposite cushioning was used to minimize head movements. Several types of image sequences were collected for each participant, including a T1-weighted sequence, four fMRI blocks of whole-head T2^∗^-weighted echo-planar image (EPI) sequences concomitant with the administration of different cognitive tasks, whose results were reported elsewhere ([@b0245]), and finally diffusion tensor images for estimation of FA. DTI used an inversion recovery EPI sequence (Repetition Time, TR: 9730 ms; Echo Time, TE: 91 ms; Flip Angle: 90°; Field of View, FOV: 224 × 224, image matrix: 112 × 112, 6 signal averages, 65 axial slices of 2 mm thick, with no inter-slice gap), covering the whole cerebrum. Diffusion was measured along 32 directions (b-value = 800 s/mm^2^), and three images with no diffusion weighting were acquired and averaged to obtain baseline image with a stronger signal to noise ratio. Twenty-nine of the participants reported here overlapped with those of another fMRI work using adapted versions of two of the task-switching paradigms reported here ([@b0245]). However, the behavioral data used here were not the same since, as already stated, they were all acquired outside the scanner a few days/weeks before the MRI session, in order to increase both the ecological validity (see [@b0125], [@b0210]) and the homogeneity of the acquisition settings among the different paradigms.

Behavioral data analysis {#s0045}
------------------------

Response times (RTs) from incorrect responses were discarded. Trials with RTs shorter than 100 ms, were treated as guesses and also discarded. Median accuracy was greater than 88% in all the conditions of all the task-switching paradigms. Since the distributions of the RTs were skewed and/or kurtotic, we log-transformed RTs to improve normality. Moreover, to obtain measures of central tendency that were as robust as possible against aberrant observations, we applied an estimation procedure that is robust to non-normality and sample size ([@b0195]). For each participant and task condition, an M-estimator of location was computed with logistic psi-function and median absolute deviation as the auxiliary scale estimate, as implemented by the mloclogist and madc functions in the LIBRA Matlab library ([@b0255]). It should be noted, however, that the values obtained with the M-estimator approach and a more classical data trimming method (mean ± 2 SD) were highly correlated for all the conditions (mean correlation *r* = .996).

Next, for each of the three task-switching paradigms, we calculated the switching cost as the difference between the M-estimator of location for switch trials and that for repeat trials. Similarly, we computed the mixing cost as the difference between the M-estimator of location for repeat trials and that for single-task trials. After these transformations, the variables measuring switching and mixing costs for the three task-switching paradigms showed acceptable skewness and kurtosis (respectively, mean = .13 and −.17; range = −.50 to .44 and −.79 to 23).

The statistical significance of both the switching and mixing costs for each of the three task-switching paradigms was assessed by means of one-sample *t*-tests. The Cohen's *d* was used as the measure of the effect size ([@b0070]).

We also performed a within-subject 3 × 3 ANOVA, to compare log-transformed RTs on the three tasks (shape-color, spatial, verbal) for the three conditions (single-task, repeat, switch) more directly. Accuracy data, separately for each condition and pair of tasks, were analyzed through non-parametric Wilcoxon Matched Pairs tests.

DTI data analysis {#s0050}
-----------------

Preprocessing and analysis of diffusion-weighted images was carried out using FSL software (<http://www.fmrib.ox.ac.uk/fsl>). First, DTI images (available as NIfTI files) were brain-extracted using BET ([@b0225]) and specific binary masks were created. Subject images were corrected for motion and eddy current prior to analysis using FMRIB's Diffusion Toolbox (FDT), setting the non-weighted average image as reference. Next, the diffusion tensor model was fitted to the raw diffusion data and the diffusion tensor matrix was estimated for each voxel. Subsequently, three eigenvectors and their respective eigenvalues were computed from the diffusion tensor matrix, and FA and RD images were created using the eigenvalue estimates. FA and RD are scalar indices summarizing the overall diffusivity properties of the voxel.

To improve generalizability of our results across subjects, voxel-wise statistical analysis of the FA data was carried out using Tract-Based Spatial Statistics (TBSS, [@b0230]). All subjects' FA data were aligned into a common space using the nonlinear registration tool FNIRT ([@b0020], [@b0025]), which uses a b-spline representation of the registration warp field ([@b0205]). The pre-defined target chosen for alignment is the FMRIB58_FA standard space FA template, followed by affine transformation of all images into MNI152 standard space. Next, the mean FA image was created and thinned to create a mean FA skeleton, which represents the centers of all tracts common to the group. This skeleton was then thresholded at an FA value of 0.3 in order to minimize partial volume effects after warping across subjects. Each subject's aligned FA data were then projected onto this skeleton in order to account for possible residual misalignments and the resulting data were fed into voxel-wise cross-subject statistics. To examine RD images as well, they were also affine aligned to standard space, the nonlinear registration parameters determined by FNIRT were applied to these maps, and they were merged and projected onto the FA-derived WM skeleton to perform statistical comparisons. We preferred RD over mean diffusivity and axial diffusivity for the following reasons: mean diffusivity is less sensible to discriminate gray matter from WM and a previous study already showed that it is not associated with task-switching performance ([@b0215]), while axial diffusivity is more suitable for pathologic conditions (see [@b0105], [@b0005]).

Voxel-wise statistics used a General Linear Model (GLM) approach to test for positive and negative correlations between FA, RD, and each cognitive score in order to directly examine the relationship between DTI-relevant measures and task-switching performance. As a side note, we recall that a negative correlation indicates that better performance (lower switching and mixing costs) was associated with higher FA values. Age was not included as a covariate in correlation analysis, as all participants were selected to belong to a narrow age range, usually considered homogeneous in similar studies (e.g., [@b0275]). Threshold-Free Cluster Enhancement (TFCE) correction ([@b0235]) was used to correct voxel-wise statistical results for multiple comparisons; significance level was set to be *α* = 5%, two-tailed. The local maxima within each significant cluster were identified by means of the cluster tool in FSL, with the -olmax option on. Anatomical locations of each significant cluster were identified using Montreal Neurological Institute (MNI) coordinates on the International Consortium Brain Mapping-DTI WM label atlas, while the probability of the belonging tract were defined using the Johns Hopkins University WM tractography atlas.

To ensure our analysis robustness, we performed a separate analysis for FA and RD correlation respectively. However, since there was a high overlap of the areas found to show significant correlation, we decided to retain only those voxels showing both a significant negative correlation with FA and a positive correlation with RD for each of our cognitive indexes. In this way we ensured to consider voxels clearly showing a significant relation of WM diffusion properties with the scores obtained when performing the tasks. In order to investigate the anatomical location of surviving voxels and their probability to belong to some well-known tracts, we performed a cluster identification analysis using the provided FSL function.

Preliminary analyses showed that switching costs in each of the three task-switching paradigms did not correlate with any cluster, according to the selected inclusion criteria and were therefore not considered further. Therefore, in the subsequently reported analyses, we only focus on mixing costs.

After the computation of simple correlations, a conjunction analysis was carried out, in order to look for overlapping WM regions which showed significant correlations with our mixing costs in at least two of the three behavioral tasks, that is, the spatial paradigm and the shape-color one. Again, we looked for overlapping regions found to show significant correlations in both FA and RD measures. A lower limit of 10 contiguous voxels was set in order to consider a cluster significant, thus withdrawing all clusters being so small to be possibly related to noise or chance.

Results {#s0055}
=======

Behavioral results {#s0060}
------------------

Raw RT data are reported in [Table 1](#t0005){ref-type="table"}. The analysis of participants' behavioral performance (natural log-transformed RTs) revealed a classic pattern of results, with strong switching costs (for the shape-color, spatial and verbal paradigms, respectively, *M* = .2, .24, .19; *t*(34) = 8.75, 14.84, 9.93, *d* = 1.48, 2.51, 1.68, all *p*s \<.0001) and mixing costs (respectively, *M* = .54, .24, .31; *t*(34) = 24.18, 10.24, 14.75, *d* = 4.09, 1.73, 2.49, all *p*s \<.0001).

To appreciate possible task-specific differences in behavioral performance, we also compared log-RTs across tasks through a 3 × 3 ANOVA. This analysis showed main effects of task and conditions and their interaction. The main effect of condition \[*F*(2, 68)=706.1, *p* \< .0001\] confirmed the above-mentioned task-specific analyses, by showing the presence of significant mixing costs (repeat-single task difference, Tukey's *p* \< .001) and switching costs (switch-repeat difference, Tukey's *p* \< .001). The task main effect \[*F*(2, 68) = 43.2, *p* \< .00001\] was due to RTs being significantly different across tasks (verbal \> spatial \> shape-color; for all comparisons, Tukey's *p* \< .001). Finally, the task by condition interaction \[*F*(4, 136)=64.195, *p* \< .0001\] was due to the differences between tasks being most pronounced in the single task condition, in which RTs for the shape-color task were particularly fast. To confirm this, planned comparisons showed that the difference between the shape-color and the other two tasks was greater for the single task condition than for any of the other two conditions (for both, *p* \< .00001).

We also ran similar comparisons with accuracy data by means of non-parametric Wilcoxon tests. These analyses revealed that, in the single-task condition, accuracy was lower for the spatial task than for the shape-color one (*Z* = 2.90, *p* \< .004) and tended to be lower for the verbal task than for the shape-color one (*p* = .056), while it did not differ between the verbal and the spatial tasks (*p* = .22). Moreover, in the repeat condition, accuracy was lower in the verbal and spatial tasks than in the shape-color task (for both, *Z* \> 3.15, *p* \< .01), but it was not different between verbal and spatial tasks (*p* = .75). In the switch condition, the accuracy level was lower for the verbal and spatial tasks than for the shape-color one (for both, *Z* \> 3.2, *p* \< .01), but again it did not differ between the verbal and spatial tasks (*p* = .64).

Shape-color mixing cost and FA/RD correlations {#s0065}
----------------------------------------------

The regression analysis determined that the shape-color mixing cost is negatively related to FA and RD in 1178 voxels, divided into three clusters. The biggest cluster, having its global maximum located in the superior corona radiata \[24, −14, 32, in MNI space coordinates\], contained 957 voxels and spanned on portions of the posterior and superior corona radiata (right side only) extending from the body of corpus callosum. Up to six local maxima could be identified within this cluster. The second cluster, containing 194 voxels, was located across portions of anterior corona radiata (left only), stemming from the genu of corpus callosum. The peak voxel was located in the genu of corpus callosum \[−6, 31, 6\], but this cluster counted up to five local maxima. The third cluster was composed of 27 voxels and was located in the posterior corona radiata (left side only). This cluster showed two local maxima beside the global maximum, which is located in \[−26, −33, 27\]. [Fig. 1](#f0005){ref-type="fig"}, [Fig. 2](#f0010){ref-type="fig"}, [Fig. 3](#f0015){ref-type="fig"} show the regression plot of significant negative correlations between shape-color mixing costs and FA for each cluster and their position (thickened) on the mean FA image, while [Table 2](#t0010){ref-type="table"} shows the correlation coefficients found in all the local and global maxima.

Spatial mixing cost and FA/RD correlations {#s0070}
------------------------------------------

The regression analysis showed that the spatial mixing cost was negatively associated with FA and RD in 4487 voxels, all being part of a unique cluster located across portions of anterior corona radiata (bilateral, but mostly right), superior corona radiata (bilateral), posterior corona radiata (left only), genu, body and splenium of corpus callosum. This cluster showed its global maximum in the genu of corpus callosum \[−11, 26, 16, in MNI space coordinates\], although it comprised six different local maxima. [Fig. 4](#f0020){ref-type="fig"} shows the regression plot of significant negative correlation between spatial mixing costs and FA in the voxel corresponding to the peak statistics. [Table 3](#t0015){ref-type="table"} shows the correlation coefficients found in the global maximum and all the six local maxima.

Verbal mixing cost and FA/RD correlations {#s0075}
-----------------------------------------

The regression analysis showed that verbal mixing cost was not related to either FA or RD, when a similar statistical approach to correct for multiple comparisons was applied. Therefore, this index was discarded from further analyses.

Conjunction analysis {#s0080}
--------------------

This analysis determined that both spatial and shape-color mixing costs were related to FA and RD in 220 voxels, divided into eight clusters. Only two of them however contained more than 10 voxels.

The first cluster contained 118 voxels, and spanned on portions of the anterior corona radiata, left side only, extending from the genu of corpus callosum. It had its maximum in the genu of corpus callosum \[−11, 33, 7\], although up to three local maxima could be identified within this cluster. The second cluster, containing 71 voxels, was located across portions of superior corona radiata (right only), stemming from the body of corpus callosum. The peak statistical value was located in the body of corpus callosum \[18, −7, 39\], but this cluster counted up to four local maxima. [Fig. 5](#f0025){ref-type="fig"} shows each of these two clusters. [Table 4](#t0020){ref-type="table"} shows the correlation coefficients found in all the local and global maxima.

Discussion {#s0085}
==========

The goal of the present study was to characterize how WM structural integrity may support high-level executive functions required in different task-switching paradigms. In particular, we aimed at finding WM correlates of performance according to the specific rules used in three different task-switching paradigms.

Behaviorally, all the three task-switching paradigms produced reliable switching and mixing costs, although they showed different general difficulty levels, with RTs for the verbal tasks being the longest and those for the shape-color tasks being the shortest. These differences were seen particularly in single task blocks, while they diminished considerably in mixing contexts. To account for these results, we could speculate that, while the two verbal task pairs and the two spatial ones involved qualitatively akin rules processed by similar neuronal substrates (grammatical and rotational, respectively), the third paradigm involved color and shape judgments, which are known to be separately processed in lower level visual cortices and could be integrated (and possibly differently weighted when they compete for response execution) only in higher level V4/infero-temporal regions (e.g., [@b0130]), thus increasing processing times (and RTs) in mixing vs. single-task blocks. Above and beyond all the differences in terms of both experimental design and behavioral effects, the overarching goal of the present study was to detect common WM tracts underpinning performance in mixing task-switching blocks in different tasks and stimulus domains.

It is interesting to note that domain-specific correlations between behavior and posterior WM tracts, located in the posterior corona radiata in both non-verbal tasks and the splenium in the spatial task, which were present for the two non-verbal tasks, disappeared in the conjunction analysis. On the other hand, clusters in the genu and body of corpus callosum survived the conjunction analysis. These results suggest that the microstructure of inter-hemispheric connections in more anterior regions of the brain (particularly, the genu of corpus callosum), is more likely to explain behavioral performance in a domain-general fashion, especially for more complex and difficult task conditions ([@b0080]). More generally, our results support the idea that frontal regions have a task-general role in performing demanding cognitive tasks ([@b0250], [@b0160], [@b0080], [@b0270]).

However, since we did not find these results with a purely verbal (grammatical) version of the task-switching paradigm (also see [@b0110], for similar null results on another verbal version of the task-switching paradigm in young individuals), we may speculate that a critical factor to be considered as an account for our results is the non-verbal components of the two tasks included in the conjunction analysis. Although both the spatial and shape-color tasks may involve some verbal demands and strategies, they also embed rules with non-verbal perceptual features (concerning space, shape, and color). These two tasks might require better connectivity between the two frontal lobes, when task-switching is considered, thus explaining the location of the global maxima in the anterior parts of the corpus callosum. Indeed previous fMRI evidence ([@b0245]) showed that, while a left fronto-parietal network is involved in mixing blocks for purely verbal tasks, a homologous region in the right prefrontal cortex was additionally recruited when performing a spatial version of the task.

Caution should be applied when interpreting the null result concerning the verbal task, which was also the most challenging in terms of absolute RTs. Accounts regarding differences in the difficulty level could not be discarded, although two considerations reduce their plausibility. First, the accuracy level was not different from that of the spatial task, which was equally less accurate with respect to the shape-color one but showed significant results. Moreover, the RT mixing costs, a measure of difficulty in the specific processes involved during the task-switching blocks, were intermediate in the verbal task, which showed null effects, with respect to those in the other two tasks, which instead showed significant correlations with WM microstructural characteristics.

We also had the chance to run the same correlation analyses between DTI and the verbal task-switching performance on a subset of participants (29/35) who performed a similar task during an fMRI session (see [@b0245]). Again, we could not find any significant correlation between verbal mixing costs and DTI measures, which increased our confidence toward the genuineness of the reported null result, although this outcome is not surprising given the slightly lower sample size and the less than ideal conditions produced by the scanner environment ([@b0125]) and fMRI-oriented adjustments to the task-switching paradigms ([@b0210]).

Thus, although it is always difficult to deal with a null result, the fact that the integrity of WM was not associated with performance on the grammatical version of the task-switching paradigm could partially and very cautiously be interpreted as due to heavy left hemispheric specialization for language functions ([@b0220], [@b0120]) and a poor role of inter-hemispheric connectivity for verbal material, at least in young adulthood (cf., [@b0065], [@b0180]), when connectivity in general is conceivably close to ceiling. Similar trends are observed with right-hemispheric basic visuo-spatial functions ([@b0100], [@b0115]). However, even this domain-specific account does not fully explain why, in a performance measure specifically linked to right prefrontal functionality such as the mixing costs (e.g., [@b0060]; also see [@b0015]), a relation with WM microstructure in inter-hemispheric connections did not emerge when the (verbal) material is processed in the left hemisphere while the critical processes (sustained task-switching control) occur in the right one. Future investigation should further test the WM role in task-switching with different task contexts, also using different versions of the verbal task-switching paradigm, to try to exclude other possible task-specific idiosyncrasies such as differences in general difficulty.

The association between lower mixing costs and higher WM integrity in the body of corpus callosum/superior corona radiata, in the territory underneath the pre-central cortex, which also emerged in the conjunction analysis, replicates and extends previous findings by [@b0215], who also found similar effects in adolescents, independently of age. These findings highlight a role of motor/premotor connections in sustaining task-switching performance, probably due to the importance of these regions in implementing stimulus--response associations during task-switching blocks.

Using specific measures of task-switching performance, rather than a global switching cost (cf., [@b0110], [@b0215]), we were able, in principle, to look at the role of WM connectivity separately for phasic sub-processes with local switch costs and tonic ones with classical mixing costs during task-switching. However, preliminary analyses did not show associations between WM integrity and switch costs that would survive the chosen statistical threshold. It is interesting to note that none of the previous DTI works reported WM correlates of pure switch costs: two studies failed to report these correlates because they did not adopt this measure ([@b0110], [@b0215]), and one because it obtained a null result on children ([@b0240]). There are several potential explanations for this repeatedly reported null result (and corresponding lack of reported significant results). For instance, one could postulate that, since the time-scale in which switch costs emerge is much smaller than that for mixing costs, which makes the former a marker of much more phasic processes, it is possible that (time-consuming) inter-regional connectivity is less fundamental in this case. Another possible reason is the fact that similar brain regions (and their underlying connectivity) are involved in both switch and repeat trials, even if to a different level, especially with equal probability of occurrence (e.g., [@b0095]; see [@b0210], for a review), thus explaining the low anatomical sensitivity of a performance index that differentiates between these two conditions (local switch costs). These are post hoc explanations and further investigation is necessary, possibly with a higher number of participants to completely exclude power issues.

Unlike a previous DTI study ([@b0110]), we did not find associations between the superior longitudinal fasciculus and task-switching performance. The lack of this effect is somewhat surprising, since this big tract is supposed to connect nodes of the fronto-parietal network which previous fMRI studies found to be involved in task-switching (see [@b0145], [@b0135], for meta-analyses). Apart from the reported whole-brain analysis, as an internal check, we also performed a ROI analysis on the superior longitudinal fasciculus (as in [@b0110]), which confirmed the result of the whole-brain approach, that is, no correlation between the DTI derived indices and the task-switching-related ones.

We cannot simply attribute our failure to replicate previous findings to lack of power, since Gold and colleagues' (2010) study involved almost half of our participants in their young group (*N* = 20) and we had the chance to search for a significant association between behavioral task-switching measures and DTI indices in the superior longitudinal fasciculus, if it existed, in three different task-switching versions. However, the absence of this association resembles the results of another previous DTI study ([@b0215]). Future work should investigate which task- and sample-specific features might explain these discrepancies.

Notwithstanding the several advantages offered by the methodology employed in the present study, primarily the possibility to run group-level whole-brain analyses within a common WM template, there are also some limitations inherent to it. First of all, FA and RD are both indirect measures of WM anisotropy properties and, although they represent some of the currently best available proxies, these measures might be influenced by several factors other than microstructural anisotropy and orientation of axons. Besides, it has to be kept in mind that regions showing multiple crossing fibers can reduce FA, therefore challenging result interpretation. Indeed the diffusion tensor model fails to detect a main diffusion direction in those areas, thus leading to lower FA values estimation. Moreover, each estimate is limited by inherent noise of the MR acquisition process and possible partial volume effects.

One last issue needs to be discussed. Voxel-based analysis requires both normalization to a template and skeletonization, two steps which allow generalization across individuals, but at the cost of introducing some possible registration errors and loss of individually-specific information. Thus, it is reasonable to state that the picture offered by the present approach may represent only a partial story and other higher-spatial resolution tractographic approaches might be more useful to do inter-individual differences justice especially for the minor tracts that were neglected in the present study. Related to the latter issue, it is to note that deterministic tractography has some limits. Noise and partial volume effects in diffusion tensor estimate can cause an early interruption of the tracts due to, for example, regions with crossing fibers (e.g., [@b0140]), as already stated. This might partially explain why some of the identified local maxima cannot be annotated by means of the JHU WM tractography atlas.

As a final related note, even if the main results concerned anterior inter-hemispheric regions that are most likely attributable to corpus callosum forceps minor, there was also evidence, particularly for the shape-color paradigm, for a role of intra-hemispheric WM tracts, such as left anterior thalamic radiation and right cortico-spinal tract. As already stated, future directions should include finer grained tractography analyses, possibly on DTI data with a higher number of gradients than the 32 directions employed in the present dataset, in order to allow stronger spatial inferences about connectivity.

Conclusion {#s0090}
==========

The present findings show that maintaining and managing different task rules during task-switching blocks benefit from a more efficient WM connectivity through portions of the corpus callosum connecting the two frontal lobes, at least when the rules entail non-verbal demands, highlighting the importance of anterior inter-hemispheric connectivity for this key capacity at the basis of cognitive flexibility. Future work adopting different approaches should investigate the specific (excitatory or inhibitory) nature of these frontal inter-hemispheric interactions underpinning the flexible regulation of behavior in more detail.
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![Relationship between fractional anisotropy (FA), radial diffusivity (RD) and the mixing cost performance in the shape-color task in the voxel corresponding to the peak statistics of the largest cluster (containing 957 voxels). (A) The cluster colored in a red scale contains overlapping voxels showing significant correlations both between FA and mixing costs and between RD and mixing costs. Higher FA and lower RD in the highlighted cluster are associated with better performance. The cluster is overlaid on mean white matter skeleton, shown in green. All images are displayed in radiological convention. The cluster is significant at a voxel-wise *p* \< 0.05, corrected for multiple comparisons using TFCE. Coordinates are presented in MNI space. L and R stand for left and right, respectively; P and A stand for posterior and Anterior; S and I stand for superior and inferior. (B) Graph showing the correlation between higher FA in the cluster and shape-color mixing costs in the voxel corresponding to the peak statistics. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)](gr1){#f0005}

![Relationship between fractional anisotropy (FA), radial diffusivity (RD) and the mixing cost performance in the shape-color task in the voxel corresponding to the peak statistics of the medium-sized cluster (containing 194 voxels). (A) The colored cluster contains overlapping voxels showing significant correlations both between FA and mixing costs and between RD and mixing costs. Higher FA and lower RD in the highlighted cluster are associated with better performance. (B) Graph showing the correlation between higher FA in the cluster and shape-color mixing costs in the voxel corresponding to the peak statistics. See [Fig. 1](#f0005){ref-type="fig"} for all the other details. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)](gr2){#f0010}

![Relationship between fractional anisotropy (FA), radial diffusivity (RD) and the mixing cost performance in the shape-color task in the voxel corresponding to the peak statistics of the smallest cluster (containing 27 voxels). (A) The cluster colored in a red scale contains overlapping voxels showing significant correlations both between FA and mixing costs and between RD and mixing costs. Higher FA and lower RD in the highlighted cluster are associated with better performance. (B) Graph showing the correlation between higher FA in the cluster and shape-color mixing costs in the voxel corresponding to the peak statistics. See [Fig. 1](#f0005){ref-type="fig"} for all the other details. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)](gr3){#f0015}

![Relationship between fractional anisotropy (FA), radial diffusivity (RD) and the mixing cost performance in the spatial task. (A) The cluster displayed in red contains the overlapping voxels that show significant correlations both between FA and mixing costs and between RD and mixing costs. Higher FA and lower RD in the highlighted cluster are associated with better performance. The cluster (containing 4487 voxel) is overlaid on mean white matter skeleton, shown in green. (B) Graph showing the correlation between higher FA in the cluster and spatial mixing costs in the voxel corresponding to the peak statistics. See [Fig. 1](#f0005){ref-type="fig"} for all the other details. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)](gr4){#f0020}

![The two clusters of voxels showing a significant relationship between fractional anisotropy (FA), radial diffusivity (RD) and the mixing cost performance in both the shape-color and the spatial paradigm (conjunction analysis). The two clusters containing 118 and 71 voxels, respectively, are represented in (A) and (B), with a 3D view of both clusters (in blue and red) in (C). See [Fig. 1](#f0005){ref-type="fig"} for all the other details. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)](gr5){#f0025}

###### 

Mean raw RTs (in ms) and percentage of accurate trials, together with their standard deviation (SD), for each condition of each task-switching paradigm. Mean switching costs and mixing costs for both speed and accuracy measures (together with their standard deviations) are also shown. Please note that RTs were log-transformed for the statistical analyses

                                                                               Mean (ms)   SD    Percent correct   SD
  ---------------------------------------------------------------------------- ----------- ----- ----------------- -----
  Shape-color                                                                                                      
   Single                                                                      495         76    97.9              2.1
   Repeat                                                                      863         191   96.3              2.3
   Switch                                                                      1058        240   93.4              4.1
    Switching cost                                                             188         163   2.9               3.5
    Mixing cost                                                                423         145   1.6               3.0
  Spatial                                                                                                          
   Single                                                                      731         128   94.0              6.8
   Repeat                                                                      921         158   93.4              5.2
   Switch                                                                      1155        198   87.8              7.3
    Switching cost                                                             234         92    5.6               6.7
    Mixing cost                                                                190         113   0.6               7.4
  Verbal (not included in the reported DTI analyses because of null effects)                                       
   Single                                                                      768         117   95.8              5.5
   Repeat                                                                      1038        141   93.4              4.2
   Switch                                                                      1227        132   87.0              7.7
    Switching cost                                                             190         109   6.3               1.6
    Mixing cost                                                                270         114   5.8               3.0

###### 

Correlation coefficients found in the global maxima and the local maxima between fractional anisotropy (FA) and the shape-color mixing cost (all coefficients are negative). Maximum identifier, MNI coordinates, predicted structure/tract the voxel belongs to and coefficient of determination for the linear fit. The FA results presented in this table were masked with those of the equivalent correlation analysis with radial diffusivity, and thus represent regions of common significant effects (although the correlation coefficients had opposite directions: negative for FA and positive for RD). CR = corona radiata, CC = corpus callosum, R = right, L = left

                                Position (MNI space)   Structure        Tract (\>10% probability)                                                       *R*     *R*^2^ (*p*-value)
  ----------------------------- ---------------------- ---------------- ------------------------------------------------------------------------------- ------- --------------------
  Global Maximum (957 voxels)   \[24, −14, 32\]        Superior CR-R    24% Corticospinal tract R                                                       −.471   .222 (.0132)
   Local Max 1                  \[19, −11, 43\]        Superior CR-R    --                                                                              −.477   .228
   Local Max 2                  \[19, −9, 42\]         Superior CR-R    --                                                                              −.507   .257
   Local Max 3                  \[21, −37, 41\]        Unclassified     --                                                                              −.506   .256
   Local Max 4                  \[18, −9, 40\]         Superior CR-R    --                                                                              −.461   .213
   Local Max 5                  \[18, −7, 39\]         Superior CR-R    --                                                                              −450    .203
   Local Max 6                  \[19, −16, 39\]        Superior CR-R    --                                                                              −.445   .198
                                                                                                                                                                
  Global Maximum (194 voxels)   \[−6, 31, 6\]          Genu CC          79% Forceps minor                                                               −.500   .250 (.0158)
   Local Max 1                  \[−20, 31, 14\]        Anterior CR-L    37% Anterior thalamic radiation L, 11% Inferior fronto-occipital fasciculus L   −.423   .179
   Local Max 2                  \[−22, 32, 13\]        Anterior CR-L    55% Anterior thalamic radiation L                                               −.386   .149
   Local Max 3                  \[−22, 30, 13\]        Anterior CR-L    58% Anterior thalamic radiation L, 11% Inferior fronto-occipital fasciculus L   −.390   .152
   Local Max 4                  \[−9, 28, 12\]         Genu CC          63% Forceps minor                                                               −.392   .154
   Local Max 5                  \[−6, 31, 6\]          Genu CC          79% Forceps minor                                                               −.500   . 250
                                                                                                                                                                
  Global Maximum (27 voxels)    \[−26, −33, 27\]       Posterior CR-L   --                                                                              −.608   .370 (.0154)
   Local Max 1                  \[−22, −32, 29\]       Unclassified     --                                                                              −.591   .349
   Local Max 2                  \[−26, −33, 27\]       Posterior CR-L   --                                                                              −.608   .370

###### 

Correlation coefficients found in the global maximum and the six local maxima between fractional anisotropy (FA) and the spatial mixing cost. Maximum identifier, MNI coordinates, predicted structure/tract the voxel belongs to and coefficient of determination for the linear fit. The FA results presented in this table were masked with those of the equivalent correlation analysis with radial diffusivity (RD), and thus represent regions of common significant effects (although the correlation coefficients had opposite directions: negative for FA and positive for RD). CR = corona radiata, CC = corpus callosum, R = right, L = left

                                 Position (MNI space)   Structure       Tract (\>10% probability)                  *R*     *R*^2^ (*p*-value)
  ------------------------------ ---------------------- --------------- ------------------------------------------ ------- --------------------
  Global Maximum (4487 voxels)   \[−11, 26, 16\]        Genu CC-L       42% Forceps minor                          −.597   .356 (.00659)
   Local Max 1                   \[−16, 29, 22\]        Anterior CR-L   11% Cingulate gyrus L                      −.563   .317
   Local Max 2                   \[−14, 28, 17\]        Genu CC-L       42% Forceps minor                          −.581   .338
   Local Max 3                   \[−13, 30, 16\]        Genu CC-L       47% Forceps minor, 14% Cingulate gyrus L   −.553   .306
   Local Max 4                   \[−11, 26, 16\]        Genu CC-L       42% Forceps minor                          −.597   .356
   Local Max 5                   \[−14, 18, 24\]        Body CC-L       --                                         −.491   .241
   Local Max 6                   \[−17, 25, 22\]        Genu CC-L       --                                         −.493   .243

###### 

Correlation coefficients found in the global maxima and the local maxima between fractional anisotropy (FA) and the overall mixing cost resulting from conjunction analysis on spatial and shape-color task-switching paradigms (MxSpa and MxCS, respectively). Maximum identifier, MNI coordinates, predicted structure/tract the voxel belongs to and coefficient of determination for the linear fit. The FA results presented in this table were masked with those of the equivalent correlation analysis with radial diffusivity (RD), and thus represent regions of common significant effects. CR = corona radiata, CC = corpus callosum, R = right, L = left

                                Position (MNI space)   Structure       Tract (\>10% probability)                  *R*^2^ (*p*-value) FA-MxSpa   *R*^2^ (*p*-value) FA-MxCS
  ----------------------------- ---------------------- --------------- ------------------------------------------ ----------------------------- ----------------------------
  Global Maximum (118 voxels)   \[−11, 33, 7\]         Genu CC-L       71% Forceps minor, 11% Cingulate gyrus L   .071 (\<.01)                  .198 (\<.05)
   Local Max 1                  \[−9, 28, 12\]         Genu CC-L       63% Forceps minor                          .1699                         .154
   Local Max 2                  \[−10, 31, 11\]        Genu CC-L       63% Forceps minor, 11% Cingulate gyrus L   .098                          .153
   Local Max 3                  \[−11, 33, 7\]         Genu CC-L       71% Forceps minor, 11% Cingulate gyrus L   .071                          .198
                                                                                                                                                
  Global Maximum (71 voxels)    \[18, −7, 39\]         Superior CR-R   --                                         .085 (\<.05)                  .203 (\<.05)
   Local Max 1                  \[18, −14, 36\]        Body CC-R       --                                         .0857                         .176
   Local Max 2                  \[17, −10, 37\]        Superior CR-R   --                                         .191                          .116
   Local Max 3                  \[14, −12, 33\]        Body CC-R       --                                         .163                          .139
   Local Max 4                  \[14, −10, 32\]        Body CC-R       --                                         .115                          .185
